Abstract: An experimental study of fatigue crack growth in dentin was conducted, and the influence of stress ratio (R) on the crack growth rate and mechanisms of cyclic extension were examined. Double Cantilever Beam (DCB) fatigue specimens were sectioned from bovine molars and then subjected to high cycle fatigue loading (10 5 Ͻ N Ͻ 10 6 ) under hydrated conditions. The evaluation consisted of Mode I loads with stress ratios that ranged from Ϫ0.5 to 0.5. The fatigue crack growth rates were measured and used to estimate the crack growth exponent (m) and coefficient (C) according to the Paris Law model. The fatigue crack growth rates for steady-state extension (Region II) ranged from 1E-7 to 1E-4 mm/cycle. It was found that the rate of cyclic extension increased significantly with increasing R, and that the highest average crack growth rate occurred at a stress ratio of 0.5. However, the crack growth exponent decreased with increasing R from an average of 4.6 (R ϭ 0.10) to 2.7 (R ϭ 0.50). The stress intensity threshold for crack growth decreased with increasing R as well. Results from this study suggest that an increase in the cyclic stress ratio facilitates fatigue crack growth in dentin and increases the rate of cyclic extension, both of which are critical concerns in minimizing tooth fractures and maintaining lifelong oral health.
INTRODUCTION
The significance and clinical implications of tooth fracture have been of considerable importance to the field of restorative dentistry for many years. In fact, the "cracked tooth syndrome" has been coined in recognition of this special class of tooth failures. [1] [2] [3] Although fracture is not the primary cause of restored tooth failure, it is often considered the most detrimental due to the likelihood that it will warrant complete extraction. 4 As the number and average age of fully dentate patients continues to rise, 5 an understanding of the primary mechanisms contributing to tooth fracture becomes increasingly important.
Tooth fractures may occur due to a single dynamic load, or as a result of stresses that exceed the strength of the hard tissues or restorative replacement. Although possible, these forms of fracture are rather uncommon. Mechanical failures of a restored tooth are much more likely to result from fatigue, which is a cumulative process comprised of damage initiation and/or propagation. In restored teeth, fatigue and fatigue failures are expected to result from cyclic loads that are associated with typical oral activities. In fact, fatigue crack growth within dentin has been cited as a likely contributor to the failure of teeth with restorations; dentin is the hard tissue occupying the majority of the human tooth. In a numerical evaluation of first molars with MOD amalgam restorations, Arola et al. 6 found that if cracks as small as 25 m were introduced in the dentin during a cavity preparation fatigue crack growth may enable cusp fracture within 25 years (postplacement). Also, flaws that exceeded 100 m in length were estimated to enable cusp fracture within 5 years. Flaws of this size are well within the range that may be introduced in the enamel and dentin with conventional burrs. 7, 8 Nevertheless, the numerical study was conducted assuming that the fatigue properties of dentin are consistent with those of monolithic structural ceramics; the fatigue crack growth properties of dentin were unknown. Consequently, the results should be considered to provide a first-order estimate of fatigue response that emphasize the potential importance of fatigue crack growth to restored tooth failures.
In comparison to the number of evaluations on the hardness and elastic modulus, there have been rela-tively few studies on the fatigue and fracture behavior of dentin. 9 In fact, the fatigue properties of tooth tissues and dental restorative materials are just beginning to receive meaningful attention. The mechanics of fatigue crack growth and fracture in dentin was recently evaluated by Arola et al., 10 and it was found that there was a host of complex mechanisms contributing to crack extension under monotonic and cyclic loads. A complementary study by Arola and Rouland 11 identified that the average fatigue crack growth rate in bovine dentin was approximately 5E-6 mm/ cycle and dependent on the dentin tubule orientation. Although there was no significant difference in the rate of crack growth with dentin tubule orientation, there was a definite tendency for crack curving and alignment of the crack perpendicular to the tubules. Fatigue cracks have also been extended across the dentin-enamel junction (DEJ) to study crack deflection. 12 The fatigue properties of human dentin have been examined by Nalla et al., 13, 14 in which both the stress-life response and fatigue crack growth behavior of dentin were quantified. These investigators found that the stress-life response was largely time, rather than frequency dependent, and that the fatigue life decreased with presence of a tensile mean stress; the endurance strength for human dentin was reported to be between 25 and 45 MPa. The authors also evaluated fatigue crack growth in human dentin where the average growth rate reported was approximately 5E-6 mm/cycle. Using experimental results, an evaluation of restored tooth failure due to fatigue crack growth was conducted to identify the potential importance to restored tooth failures. The analysis resulted in life estimates that were longer than those reported by Arola et al., 6 but did signify the detrimental effects of flaws in dentin to the fatigue life of restored teeth.
If a flaw of adequate length is introduced within the dentin during a cavity preparation or restorative procedure, the entire fatigue life is comprised of cyclic crack propagation only; the stress-life response is not relevant. Many engineering materials exhibit an increase in the cyclic crack growth rate with increasing stress ratio (R), which is the ratio of the minimum stress to the maximum stress over a fatigue cycle. The relative sensitivity to R is material dependent. 15 In general, materials subjected to fully reversed fatigue with superposition of tensile monotonic stresses (which increases the stress ratio; R Ն 0) fail more readily. 15 Although potentially relevant to the failure of restored teeth, the influence of R on fatigue crack growth in dentin has not been examined.
In this investigation, the fatigue crack growth properties of dentin have been studied as a function of the cyclic stress ratio. The primary objective of the study was to establish the influence of R on the cyclic crack growth rate and stress intensity threshold. Both are important parameters that help characterize fatigue crack growth in dentin. A quantitative description of the changes in fatigue crack growth in dentin with R is presented and the significance of the study to restorative dentistry is discussed.
MATERIALS AND METHODS
Bovine dentin was used in this study due to its availability and the similarity in structure with human dentin. 16, 17 Bovine and human dentin are both hard tissues of the tooth, and are approximately 40 to 45% inorganic, 35% organic, and 20 to 25% water by volume. 18 The organic and inorganic components are comprised of a collagen fibril network and an apatite crystalline matrix, respectively. The dentin of both human and bovine molars is traversed by tubules that extend from the pulp outwards towards the DEJ. The tubules exist as open channels (1 to 2 m internal diameter) that are surrounded by a hypermineralized ring of tissue referred to as the peritubular dentin. In bovine dentin the peritubular cuff surrounding each tubule is between 0.5 to 1 m in wall thickness, which is consistent with that of human dentin. Additional details concerning the structure of dentin is available in ref. 18 . Although the microstructure of human and bovine dentin is quite consistent, the density of tubules in bovine molars appears to be lower. A recent evaluation of fatigue crack growth in the dentin of bovine molars identified tubule densities ranging from 1700 to 20,000 tublues/ mm 2 , 11 in comparison to the density for coronal dentin of human molars, which generally exceeds 20,000 tubules/ mm 2 .
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Fully erupted maxillary molars were sectioned from the upper jaw of mature cows (1-3 years of age) within 12 h of slaughter. The number of specimens obtained from each donor (cow) varied. In general, one to three acceptable molars were obtained from each donor, and no more than two specimens were obtained from each molar. In total, molars from more than 15 donors were used in the investigation. Noncarious molars were stored immediately in a calciumbuffered saline bath at 2°C. The teeth were then cast within a cylindrical ring using a polyester resin to provide a foundation for sectioning [ Fig. 1(a) ]. Primary sectioning was performed using a numerically controlled slicer/grinder (K.O. Lee Model S3818EL) under continuous flood coolant. Teeth were sectioned along the mesial-distal or buccal-lingual axis to obtain slices as shown in Figure 1(b) . Secondary sections were introduced as necessary to form double cantilever beam (DCB) specimens from the visible dentin (Fig.  2) . A longitudinal groove with 0.30-mm width was introduced in the specimens to channel the direction of crack growth under cyclic loading. Through preliminary experiments it was found that a channel was required to preclude crack curving/deflection and to maximize the extent of stable cyclic extension achieved. The holes used for application of the cyclic loads were counterbored on the back of the specimen to the notch depth. This modification centered the load within the crack growth ligament and maintained symmetric Mode I loads through the crack growth ligament. To facilitate stable crack initiation, the notch tip of each specimen was sharpened using a razor blade and 1 m diamond paste. According to evaluation of the notch tip using electron microscopy, typically the notch root radius was less than 20 m. An additional description of the methods used for specimen preparation is available in ref. 11 .
All loading was performed using a universal testing system (EnduraTEC Model ELF 3200) with an electromagnetic actuator, a maximum load capacity of 225N, and a sensitivity of Ϯ0.01N. Specimens were submerged in a calciumbuffered saline bath at room temperature to maintain moisture content during fatigue loading. Load control fatigue was used with maximum pin loads of between 8 and 12N and frequency fixed at 5 Hz for all experiments. Just prior to loading, the expected crack path was stained with an indelible marker to improve visual contrast between the crack and dentin. The actuator displacement was monitored visually after the beginning of cyclic loading, as crack initiation was often evident through an increase in the specimen's compliance. After a specific number of fatigue cycles the saline bath was drained and the notch tip was observed for crack initiation using a scaled optical microscope (60ϫ). Accentuation of the crack was accomplished via a focused white light beam incident from behind the specimen for back illumination. 19 Once a crack was evident at the razor notch, its initial length (a i ) was measured on the front of the specimen with the microscope and recorded. Measurements of the change in crack length (⌬a) were made over specific intervals of fatigue loading until complete specimen fracture. During each crack length measurement the specimen was subjected to cyclic loading at 1 Hz to help identify the crack tip; the load cycle remained the same during crack length measurements. The number of cycles between measurements (⌬N) was chosen according to the observed crack growth rate, and typically ranged between 10,000 and 25,000 cycles. A single experiment typically lasted between 3 to 6 days, and depended on the time required for crack initiation, rate of crack growth, the extent of stable crack growth achieved, and the incidence of crack divergence or curving. The fatigue crack growth experiments were completed within 3 weeks of harvesting the molars. The fatigue crack growth rate (da/dN) was modeled using the Paris Law 20 according to where ⌬K is the stress intensity range (⌬K max Ϫ ⌬K min ), and da and dN represent the incremental changes in crack length (⌬a) and number of cycles (⌬N), respectively. The Paris Law parameters C and m represent the fatigue crack growth coefficient and exponent, respectively, and are considered material constants. The stress intensity range was estimated according to
where P max and P min are the minimum and maximum opening load and a is the average crack length. The quantities B and h are the crack path thickness and half beam height, respectively. 21 The crack growth rate (da/dN) and Paris Law parameters were evaluated with respect to the dentin tubule orientation and stress ratio (R). As evident from Equation (1), the tubule orientation was defined with relation to the fracture surface ( Fig. 3 ) in terms of two angles including an out-of-plane ( 1 ) and in-plane tubule angle ( 2 ). Because the orientation was not known prior to cyclic loading, visual measurements of tubule angles were made after fracture of the specimens using a scanning electron microscope (SEM; JEOL Model JSM-5600). Crack growth rates for each specimen were plotted as a function of stress intensity range (⌬K) on a log-log scale to identify the three characteristic regions of fatigue crack growth, namely Region I though Region III. The Region I response is comprised of crack initiation and precedes the Region II response. 23 Region II represents the steady-state region of crack growth, and is often referred to as the "Paris" region. In evaluating a fatigue crack growth response Region II is the portion of growth that exhibits the lowest slope. 23 Thus, the portion of growth history with minimum slope distinguished Region II of each fatigue crack growth response. A power law trend-line was fit to the Region II data to obtain least-squares error estimates of the fatigue crack growth exponent (m) and coefficient (C). In addition, the Region I fatigue response was used to establish the stress intensity threshold (⌬K th ), which defines the minimum stress intensity range necessary to enable fatigue crack growth.
In an unrestored tooth the natural cyclic stress ratio is expected to be R ϭ 0 (P min ϭ 0) and the fatigue crack growth rate is a function of the maximum cyclic load (P max ) imposed during occlusion. However, a constant stress is also potentially present, especially in restored teeth. Polymerization shrinkage of composite restoratives, volumetric expansion of restorative materials with hydration and physical interference fits (posts, inlays, etc.) are potential sources of constant stresses in teeth that superpose with the cyclic component. To account for the potential influence of stress ratio on fatigue crack growth in dentin, the specimens were subjected to Mode I fatigue loads with stress ratios that ranged from Ϫ0.5 Յ R Յ 0.5 [ Fig. 4(a) ]. The stress ratio (R) is defined according to
where min and max are the minimum and maximum nominal stress of the fatigue cycle, respectively. The number of specimens and specific stress ratios used in the study are listed in Table I . Assuming that the predominant response is linear elastic, the stress ratio is equivalent to the corresponding cyclic load ratio (P min /P max ). A schematic diagram illustrating the relationship between cyclic load and stress ratio is shown in Figure 4 (b). Through preliminary experiments it was found that crack initiation occurred more rapidly at a specific ⌬K using a stress ratio of 0.5. Consequently, fatigue crack initiation was achieved at the razor sharpened notch through load control fatigue with R ϭ 0.5, after which the load cycle was changed to that of the stress ratio of interest.
The maximum load for any particular specimen (and R) was based on two factors. After crack initiation the load was incrementally increased to initiate fatigue crack growth and identify the stress intensity threshold. Then, the load was increased to foster fatigue crack growth and a desired time interval between crack measurements; the corresponding minimum load for a particular maximum load was adjusted according to the desired R. Note that the crack was extended an appreciable length after initiation (and prior to Region II growth) to minimize contributions from the razor sharpened notch and potential effects from the growth at R ϭ 0.5. A simple comparison of the fatigue crack growth parameters including C and m [Eq. (1)] was conducted as a function of R using the Student's t-test. Although more than one DCB specimen was obtained from a few of the donors, all specimens were treated with equal weight in conducting the statistical analysis. It is worthwhile mentioning that there are other statistical measures that may be used in evaluating differences in the crack growth parameters associated with stress ratio. Yet, the t-test served as an adequate method of comparison at the present point of the investigation. The stress intensity threshold (⌬K th ) was also estimated from the cumulative results obtained for each stress ratio. The quantity ⌬K th defines the minimum stress intensity required for cyclic crack growth. There are empirical models that have been developed to account for the influence of R on cyclic crack growth in engineering structural materials. 22 Many of these models are well known, but they have not been employed to quantify the effects of R on fatigue crack growth in hard tissues, especially in dentin. Analytical treatments of the effects from R on fatigue crack growth in dentin will be addressed in future studies.
After completion of the fatigue tests the SEM was used to determine the dentin tubule orientation ( 1 , 2 ) with relation to the fracture surface. The fracture surface morphology was also examined to establish differences in the mechanisms of fatigue crack growth associated with R. The fractured DCB specimens were sputtered with gold palladium to enhance conductance of the fracture surface.
RESULTS
A typical fatigue crack growth response for a bovine DCB specimen is shown in Figure 5 . The three characteristic regions of cyclic extension (Regions I, II, and III) are highlighted to emphasize the extent of stable crack growth (Region II) with respect to the other two regions. In addition, the three parameters used in characterizing the cyclic response (⌬K th , m, and C) are identified in Figure 5 for clarity as well. All of the dentin DCB specimens exhibited well-defined Region Figure 5 . A typical fatigue crack growth response from a bovine dentin DCB specimen. This particular specimen was subjected to cyclic loading with R ϭ 0.10. II and Region III responses. However, the initiation region (Region I) was less evident, especially for fatigue crack growth in specimens with R Ն 0.1. The fatigue crack growth responses for the dentin specimens are presented in Figures 6 and 7 . In particular, the cumulative results from all experiments are shown in Figure 6 . To highlight the influence of stress ratio on the Region II response, results for specimens subjected to fatigue with R ϭ 0.10 and R ϭ 0.50 are shown in Figure 7 . Note that only the steady state component (Region II) of the cyclic crack extension is shown in Figures 6 and 7 for clarity. From a comparison of the responses in these two figures it is evident that the rate of fatigue crack growth increased with R. It is also evident that crack growth required less driving force with increasing R as evident from the crack growth responses in Figures 6 and 7 . Note that growth that occurred at lower stress intensity range (⌬K) with increasing R. Under conditions of cyclic loading where Ϫ0.5 Յ R Յ 0.1 fatigue crack growth occurred for ⌬K Ն 1.0 MPa ⅐ m 0.5 . However, with increasing positive stress ratio fatigue crack growth occurred at a much lower stress intensity; cyclic crack growth in the dentin specimens from experiments with R ϭ 0.50 occurred for 0.4 Յ ⌬K Յ 1.0 MPa ⅐ m 0.5 . As evident from Figure 6 , the largest overall fatigue crack growth rate occurred for cyclic loading with the largest stress ratio (R ϭ 0.50).
The average Paris Law parameters for the dentin specimens including the fatigue crack growth exponent and coefficient are listed in Table II . According to the power law description, the increase in growth rate with R was largely associated with an increase in the crack growth coefficient (C), which increased by more than a factor of magnitude from the zero-to-tension fatigue (R ϭ 0.10) to tension-tension (R ϭ 0.50) conditions. Despite the increase in fatigue crack growth rate, the Paris law exponent decreased with increasing R from approximately 4.6 (R ϭ 0.10) to 2.7 (R ϭ 0.50). The differences in m for R Ͼ 0.1 are all statistically significant with respect to m for R ϭ 0.10 (p Յ 0.01). In addition to the growth rate parameters, the average ⌬K th for the growth responses at each stress ratio was determined and are listed in Table II Micrographs obtained from the fractures surfaces of the bovine dentin specimens after fracture are presented in Figure 8 . Two different micrographs are shown, each of which have been obtained from a specimen in which fatigue crack growth occurred in plane with the dentin tubules ( 1 ϭ 0°). In fact, all of the specimens tested in the study resulted in 1 ϭ 0°a nd in general, 2 was approximately 45°. The micrograph in Figure 8 (a) was obtained from a specimen subjected to cyclic loading with R ϭ Ϫ0.50, whereas the specimen in Figure 8 (b) underwent fatigue loading with R ϭ 0.24. In contrast to expectation, there were no drastic differences in the fracture surface morphology from a comparison of specimens that underwent fatigue crack growth at the different stress ratios.
As is evident from both micrographs, crack exten- sion occurred predominantly through the peritubular cuff and across the lumen rather than at the interface or intertubular boundary. On the mesoscopic level the fatigue crack growth surfaces were relatively smooth and did not exhibit the characteristic fatigue striations or beach marks that are typically found on the surface of more common engineering materials. 23 However, during the crack length measurements microcracking was observed in front of the crack tip as well as bifurcation of the crack in which propagation occurred along multiple parallel paths. At these locations, the fatigue crack growth surface exhibited bundles of tubules that served as tethers that bridged the adjacent crack surfaces. The bundles underwent extension and cantilever bending during opening mode extension. The fatigue crack growth surfaces at locations of crack bridging (evident from the crack growth measurements) were documented using the SEM postfailure, an example of which is shown in Figure 8(b) . An identification of crack bridging in the fracture of dentin is not uncommon. In fact, the mechanisms of crack growth resistance through bridging have been documented and described in detail by others in evaluations of stable crack growth. 24, 25 In general, the appearance of bridging elements appeared less often on specimens subjected to tension-tension fatigue loads than for specimens where R Ͻ 0.1. These observations are supported by fewer bridging elements evident on the fractures surfaces of specimens loaded with R Ͼ 0.1 as noted from the comparison of the fractures surfaces in Figure 8 (a) and Figure 8(b) . Interestingly, the bridging elements fractured perpendicular to the axis of the tubules as apparent in Figure 8(b) , independent of whether the tubules were oriented parallel to the specimen's primary axis defined by the direction of crack growth.
DISCUSSION
An experimental study of fatigue crack growth in bovine dentin was conducted and the effects of stress ratio on particular features of cyclic extension were quantified. Overall, the fatigue crack growth rates ranged from approximately 1E-7 to 1E-4 mm/cycle. A comparison of the crack growth rates for all stress ratios is shown in Figure 9 and was constructed using the average Paris Law parameters (Table II) . As evident from this figure, the lowest average growth rates resulted from zero-to-tension (R ϭ 0.10) fatigue load- Figure 9 . A comparison of the average cyclic growth rates over the range of stress ratios considered in the study. ing. The crack growth rate and Paris Law parameters (C and m) for R ϭ 0.10 (Table II) compare well with those reported in earlier studies on bovine and human dentin. The authors recently reported results from an analysis on fatigue crack in bovine dentin in terms of tubule orientation where the mean exponent including all orientations was 4.56 Ϯ 0.6.
11 Similarly, the stress intensity threshold was reported and appeared to be a function of tubule orientation as well. For dentin specimens with tubules oriented parallel to the fracture surface ( 1 ϭ 0°) the lower bound was approximately 1 MPa ⅐ m 0. 5 . These earlier results are in good agreement with those for R ϭ 0.10 of the present study. The results also compare well with the range of published values of m for compact bone, which reportedly ranges between 2.8 to 5.1. 26 As previously mentioned, Nalla et al. 13 used compliance measurements to examine fatigue crack growth rate in human dentin and reported a ⌬K th (for R ϭ 0.1) of 1.06 MPa ⅐ m 0.5 . However, the crack growth exponent (m) was estimated to be 8.76, which is nearly twice that estimated for bovine dentin. Similarly, Sundaram and Arola 27 reported results from a fatigue crack growth analysis in human dentin using methods identical to those used in the present study. The average crack growth exponent comprised of growth in dentin with three different tubule orientations ( 1 ϭ 0°, 45°, and 90°) was 7.6. Differences in m between bovine and human dentin and compact bone may suggest that there are subtle structural differences that contribute to the mechanisms of cyclic extension. The dentin of bovine molars appears to exhibit a lower tubule density than human dentin, and would result in a lower mineral content per unit volume of tissue. Also, peritubular dentin is harder than intertubular dentin. 9 These factors could promote a reduction in the flaw sensitivity of bovine dentin, which would be manifested through a lower fatigue crack growth exponent. Similar to dentin, bone is composed of type-I collagen fibers bound and impregnated with carbonated apatite nanocrystals. 28, 29 Yet, bone is not traversed by the same hypermineralized tubular network that exists in dentin. Based on the influence of tubule orientation on crack growth in bovine dentin 11 and perceived influence of tubule density, the lower m reported for fatigue crack growth in bone indicates that structure is important to the mechanisms of fatigue crack growth in hard tissues. At present, these comments are speculative, and differences in fatigue crack growth in hard tissues related to structure requires further evaluation. Nevertheless, the average growth rates and ⌬K th reported for both bovine and human dentin (R ϭ 0.1) are in agreement and suggests that fatigue crack growth in bovine dentin can serve as a useful model for human dentin.
A comparison of the fatigue crack growth responses for the bovine dentin in Figures 6 and 7 shows that the stress ratio played an important role on the fatigue crack growth rate. As expected, the rate of crack growth increased with R for R Ն 0.1. Using the Paris Law model, the growth rates for each R were described in terms of the growth exponent and coefficient (m, C). The value of m for a material signifies the sensitivity in crack growth rate (da/dN) to the stress intensity range (⌬K). 22, 23 In general, m is lower for ductile materials (typically around 3), and increases to above 10 for extremely brittle materials such as ceramics or concrete. 15, 22, 23 The average exponent for the dentin specimens evaluated with R ϭ 0.10 (m ϭ 4.57) indicates that the bovine dentin response spans the ductile-brittle range. However, there is a reduction in m with increasing R, signifying that there are potential changes in the growth mechanisms within Region II as a result of R. Generally, stress ratio effects are dominant in Region I and Region III where the stress intensity threshold and critical stress intensity often decrease with increasing R. However, results from the study suggest that the stress ratio was important to all three regions of the cyclic response. Consequently, the growth characteristics are worthwhile to discuss with regards to each region separately.
As expected, there were significant changes in the ⌬K th with R and the dependence of ⌬K th on R for the bovine dentin is shown in Figure 10 (a). For tensioncompression cyclic loading (R Յ 0) there is essentially no dependence on the stress ratio relative to R ϭ 0.10. However, for R Ն 0.1 the experimental results show that the ⌬K th continues to decrease with increasing stress ratio. All of the reductions in ⌬K th for R Ͼ 0.1 were statistically significant (p Յ 0.01) with respect to that estimated from results for R ϭ 0.10. Many materials exhibit a critical stress ratio (R cr ), beyond which there is no further change in the stress intensity threshold; 15 at R cr , a global stress intensity threshold can be defined in which fatigue crack growth will not occur at any R (provided ⌬K Յ ⌬K th ). But results for the bovine dentin with Ϫ0.5 Յ R Յ 0.5 indicate that R cr and a global ⌬K th may not exist. Thus, oral conditions comprised of cyclic loading with a high stress ratio (which result from the addition of a large constant tensile stress) may enable fatigue crack growth in restored teeth at an extremely low stress intensity range or from small flaws.
Another interpretation of the unique Region I response for the bovine dentin is shown in Figure 10(b) where the ratio of fracture toughness (K c ) to ⌬K th is presented in terms of R. An average value for K c of 1.9 MPa ⅐ m 0.5 has been used based on related results obtained with bovine dentin. 30 A high ratio of K c to ⌬K th signifies a material that is sensitive to small flaws. The ratio of these two parameters for traditional structural materials ranges between 10 and 100. 15, 23 Interestingly, for the bovine dentin the ratio of K c to ⌬K th is approximately equal to 2, and appears almost constant for R Յ 0.1. With an increase in R the ratio of K c to ⌬K th increases monotonically, which signifies the importance of small flaws and the greater likelihood that fatigue crack growth will ensue. These aspects of the fatigue response have not been previously identified in evaluations of hard tissues and have significant implications to the field of restorative dentistry. Flaws are introduced to the dentin during restorative processes 7, 8 and residual stresses are likely to develop in restored teeth due to polymerization shrinkage and hydration changes of the restorative. The residual stress serves as a constant amplitude stress that superposes with the cyclic stresses associated with oral activities. The increase in flaw sensitivity of dentin with increasing R [ Fig. 10(b) ] emphasizes the potential detrimental effects of residual stresses. Restorative practices or materials that cause tensile residual stress in dentin would promote an increase in flaw sensitivity and enable fatigue crack growth to develop from smaller flaws.
In addition to the Region I response, there were changes in the fatigue crack growth response of the dentin specimens within Region II as well. There was a significant (p Յ 0.01) increase in the crack growth coefficient with stress ratio for R Ն 0.1. In addition, the fatigue crack growth exponent decreased for R Ն 0.1 (Table II) ; the exponents were found to be significantly different than that describing growth at R ϭ 0.10. In contrast, there was no significant difference in either C or m between the fatigue crack growth responses for R ϭ 0.10 and R Ͻ 0. The distribution in m with R for the bovine dentin is shown in Figure 11 . The decrease in Paris Law exponent with R suggests that crack growth was less dependent on ⌬K (less sensitive) with increasing R. This behavior is not consistent with traditional materials, which exhibit increasing m with stress ratio (e.g., contribution from corrosion) or no significant dependence. The decrease in m with R conveys that two mechanisms of crack extension contributed to the apparent fatigue crack growth in the dentin samples. The first mechanism of extension appears to be associated with microfractures resulting from the cyclic loading and near-tip stress intensity. A coalescence of these events promotes sharpening of the crack tip and cyclic extension. The second component of fatigue requires further description. The time-dependent behavior of dentin has been recently examined, 9, 31, 32 and there appears to be a consensus that dentin exhibits viscoelastic behavior. Also, the elastic modulus is reportedly a function of strain rate (based on the time-dependent behavior) and demineralization increases that relative contribution of time-dependent effects to the constitutive behavior. 32 There has been less emphasis on the viscoplastic response of dentin. Recognizing that the decrease in m with R is accompanied with an increase in C and overall rate of fatigue crack growth suggests that the second component of cyclic crack extension is increasing relative to the effect of fatigue. The second component of crack extension appears time dependent and must be related to the mean stress (resulting from the mean load) of the fatigue cycle. Interestingly, mechanistic descriptions of crack extension have recently been proposed for dentin that included bridging and blunting of the crack. 24, 25 Crack blunting was observed to occur under monotonic loading of elephant dentin via optical examination of the crack opening displacement. In addition, the blunting process was accompanied by a reduction in the opening load required to maintain a constant load-line displacement. The observations suggested that a viscoplastic component of deformation occurred very near the crack tip and was responsible for the extension and blunting. There appears to be distinct differences between elephant dentin and bovine dentin. Namely, although elephant dentin is traversed by tubules, the peritubular cuff is extremely thin or nearly nonexistent. Consequently, interfacial sliding between the intertubular and peritubular components would play a much different role in elephant dentin. Also, the absence of a dominant peritubular cuff in elephant dentin could promote a reduction in the flaw sensitivity through the absence of the highly mineralized cuffs. With these differences, it is difficult to conclude whether crack tip blunting in elephant dentin is due to the same mechanisms of nonlinear deformation present during fatigue crack growth in bovine dentin. The authors previously used moiré interferometry to examine the near-tip deformation field during monotonic crack growth in bovine dentin and found a small nonlinear zone in the displacement field (approx. 250 m wide) on both sides the crack boundary. 10 The nonlinear zone remained after crack extension and established the presence and contribution of permanent deformation to crack extension. Thus, the decrease in m with increasing R for fatigue loading of the bovine DCB specimens appears to have resulted from the increasing component of viscoplastic contributions to crack growth. Viscoplastic deformation fostered crack extension and the fatigue process continually resharpened the crack tip, thereby suppressing crack arrest via crack-tip blunting. Although the true source of the time-dependent viscoplastic response remains vague (e.g., microcracking, interfacial slip between peritubular and intertubular dentin, hydraulic processes, etc.), hydration likely plays a role. 33 Hydration changes may alter the effects of stress ratio on the rate of fatigue crack rate in dentin. These factors are of tremendous importance due to the apparent changes in hydration with natural physiological processes and restorative treatments.
Within the Region III there appeared to be a decrease in the critical stress intensity with increasing R. However, due to the increase in growth rate with R, the final crack length and corresponding maximum stress intensity at failure were not readily quantified, especially for R Ն 0.24. Nevertheless, there is a relative shift in the fatigue crack growth responses in Figures  6 and 7 towards regions of lower stress intensity range; that is, both the Region II and Region III responses shifted to the left with increasing R. There may be changes in the apparent toughness of dentin as a result of near-field crack-tip mechanics or specific restorative treatments that sensitize the dentin to particular mechanical conditions. These aspects of the mechanical behavior of dentin are highly relevant to the efficacy of restorative treatments and are reserved for future study.
There are limitations to the investigation that must be expressed. The fatigue crack growth experiments were conducted at room temperature, whereas growth within the oral cavity occurs at 37°C. It is unclear what differences in fatigue crack growth would occur as a result of the temperature difference. An increase in temperature may extend the nonlinear behavior of dentin, which could facilitate crack-tip blunting and arrest. In addition to temperature concerns, the experiments were conducted in a calcium-buffered saline bath. Recent studies have shown that demineralization of dentin can occur within the 3-week period 34 of time, and thus could have contributed to the fatigue crack growth responses of the bovine dentin. With regard to the experimental results it is expected that demineralization would promote an increase in the compliance and decrease in rate of fatigue crack growth. Yet, the average crack growth rates in the bovine dentin compared well with those obtained using human dentin in an HBSS environment. 13, 27 Last, the cyclic extension was achieved using loads administered at 5 Hz in comparison to those more consistent with mastication, which range from 0.5 to 2 Hz. As fatigue crack growth in the bovine dentin appeared to be comprised of two components, namely cyclic microfractures and near-tip viscoplastic deformation, it is not clear what changes in growth rate would develop as a function of frequency. These factors related to experimental approach require further scrutiny. But despite obvious concerns, this study has provided additional fundamental understanding on the mechanisms of fatigue crack growth in dentin. The results provide further insight on the potential contribution from restorative practices of the past and present on restored tooth failures.
CONCLUSIONS
An experimental evaluation of fatigue crack growth in dentin was conducted to evaluate the influence of stress ratio (R) on cyclic crack growth. Double cantilever beam (DCB) fatigue specimens were prepared from bovine molars and subjected to cyclic Mode I loads with stress ratios from Ϫ0.5 to 0.5. Based on results from this study the following conclusions were drawn:
1. The rate of fatigue crack growth increased significantly with stress ratio for R Ն 0.1. The highest average crack growth rate (da/dN) was 1E-5 mm/cycle and occurred for specimens subjected to cyclic loading with R ϭ 0.50. However, for R Ͻ 0.1 there was no significant change in the fatigue crack growth response with respect to the growth rates at R ϭ 0.10. 2. There was a reduction in the fatigue crack growth exponent (m) for the dentin specimens for R Ͼ 0.1 and suggests that there was a decrease in sensitivity to the stress intensity range. The exponent decreased from approximately 4.6 (R ϭ 0.10) to 2.7 (R ϭ 0.50). However, m did not change with a reduction in stress ratio below R ϭ 0.10, and indicates that the compressive portion of the fatigue cycle did not contribute to fatigue crack growth. The increase in growth rate with R and corresponding decrease in m suggests that there were two mechanisms contributing to the apparent cyclic extension. 3. The stress intensity threshold (⌬K th ) of the dentin decreased with an increase in R. The ⌬K th for R ϭ Ϫ0.50 was approximately 1.0 MPa ⅐ m 0.5 and decreased to nearly 0.4 MPa ⅐ m 0.5 at a stress ratio of 0.50. Restorative treatments and/or materials that result in tension-tension fatigue loads are more likely to enable fatigue crack initiation or fatigue crack growth from small flaws in dentin. 4. Although there were distinct changes in C, m, and ⌬K th with increasing R, there were no notable changes in the mechanisms of fatigue crack growth evident from an evaluation of the fracture surfaces. Yet, the quantitative findings suggest that there were two mechanisms contributing to cyclic crack extension, namely fatigue crack growth comprised of microfractures and near-tip viscoplastic deformation. The component of viscoplastic deformation increased with R.
